Important methods applied for the breeding of bread-quality wheat (Triticum aestivum L.) consist of smallscale bread-quality tests for the determination of the grain protein content, SDS-sedimentation volume and single-kernel characterization system (SKCS) grain hardness. The effect of the screening direction (upward vs. downward) and puroindoline alleles on the heritability of small-scale breadquality was investigated for the "Hokushin/KS 831957//Kitami 72/Satsukei 226" (Pinb-D1a/D1b//D1a/D1b), and "Tohoku 195/Satsukei 226//Kitami 72/KS 831957" (Pinb-D1b/D1b//D1a/D1b) lines and F 3 and F 4 populations derived from them. The SKCS hardness and SDS-sedimentation volume showed a relatively higher heritability (0.71-0.89), whereas the grain protein content showed a lower heritability (0.27-0.38). The SDS-sedimentation volume showed a higher heritability in downward screening (0.88-0.91) than in upward screening (0.66-0.67), while SKCS hardness showed a similar heritability in both directions. Although the SKCS hardness, and the grain protein content showed a higher heritability when Pinb-D1a/D1b//D1a/D1b was crossed, the heritability of the SDS-sedimentation volume was not affected. Overall, screening for the SDS-sedimentation volume was found to be useful for eliminating low-grade bread-quality lines, regardless of the puroindoline alleles. Efficient bread-quality wheat breeding could thus be achieved by concurrent screening for SDS-sedimentation volume and SKCS hardness, due to the higher heritability and relatively lower correlation coefficient of these parameters.
Introduction
In a wheat breeding program aimed at breadquality, small-scale quality tests are indispensable for screening early-generation plant materials due to the limitation of sample size. Screening for higher grain protein content is essential for increasing the gluten content, which in turn improves the loaf volume (Halloran 1975) . In terms of gluten composition, higher insoluble glutenin content and associated higher swelling capacity are desirable characteristics for breadquality (Gupta et al. 1992 , Weegels et al. 1996 . To estimate the gluten quality, small-scale quality tests which measure the swelling power and solubility have been developed as follows: Zeleny test (Zeleny 1947) , sedimentation test (Pinckney et al. 1957) and SDS-sedimentation test (Axford et al. 1979) . Original or modified SDS-sedimentation tests have been widely employed to predict breadquality in wheat breeding programs (Silvera et al. 1993 , Weegels et al. 1996 , Takata et al. 1999 .
Harder wheat grains can produce flour with a larger particle size index, and a higher content of damaged starch, characteristics which contribute to a higher breadquality (Osborne et al. 1997 , Ohm et al. 1998 ). Grain hardness is mainly controlled by puroindoline a and b, proteins encoded by the Pina and Pinb genes, that are tightly linked to the Ha locus on chromosome 5D (Giroux and Morris 1998) . Morris (1997, 1998) showed that a hard kernel texture was completely linked to a glycine-to-serine mutation in puroindoline b (allele Pinb-D1b), or complete absence of the puroindoline a protein (allele Pina-D1b). The Pinb-D1b allele is more desirable than the Pina-D1b allele for milling and baking quality (Martin et al. 2001) . Improvement in the measurement of grain hardness through microscopic observation (Mattern 1982) , near-infrared reflectance (NIR) analysis (Norris et al. 1989 ) has culminated in the single-kernel characterization system (SKCS), based on the force deformation curve obtained by crushing an individual kernel (Martin et al. 1993 ). The SKCS system was found to be more reliable than other systems (Gains et al. 1996 , Morris et al. 1999 , Osborne and Anderssen 2003 .
From a practical perspective, bread-quality wheat breeding requires an understanding of the heritability of small-scale quality criteria in order to determine the screening direction (up or down) and strength. Grain protein content, SDS-sedimentation and SKCS hardness have been shown to display a low to moderate, moderate and high heritability, respectively (Baker et al. 1971 , O'Brien and Ronalds 1987 , Fischer et al. 1989 , Martin et al. 2001 , However, the influence of the screening direction on the screening effectiveness and the influence of the puroindoline allele on the heritability of breadquality in the soft-grained wheats typically grown in Japan (Ikeda 1961) are poorly documented.
In the current study, the heritability of upward and downward screening according to criteria based on the grain protein content, SDS-sedimentation volume, SKCS grain hardness, kernel weight and kernel diameter were investigated using two populations differing in their Pinb allele combinations (Pinb-D1a/D1b//D1a/D1b or Pinb-D1b/D1b// D1a/D1b). The influence of the screening direction and puroindoline alleles on the heritability of small-scale quality criteria, and the suitability of the SKCS hardness and SDSsedimentation volume for the screening of bread-quality wheat were assessed.
Materials and Methods

Plant materials
About 172 
cross, hereafter designated as the Tohoku population. The F 3 lines were derived from F 2 lines by the bulk method, whereas the F 4 lines were derived from F 3 lines through random individual selection. Lines KS 831957, Satsukei 226 and Tohoku 195, hard red winter wheats with high quality, were derived from the 'PlainsmanV/Odeskaya51', 'GK Szemes/ Horoshirikomugi' and 'Tohoku157/ Tousan12' crosses, respectively. Lines Hokushin and Kitami 72, soft red winter wheats, were derived from the 'Chihokukomugi/Kitami 35' and 'Kitakei 1354/Hokushin' crosses respectively. The two populations and parent varieties were sown in the fall at the National Agricultural Research Center for the Hokkaido Region (Memuro) in the years 2001 and 2002. Each experimental unit consisted of a single 2.0 m long row, laterally separated from the adjoining row by a 0.72m distance. Approximately 60 kg N ha −1 were applied at seeding, and a 20 kg N ha −1 supplemental application was made after the April snow melt. Mean temperature and total precipitation during the grain filling stage (mid-June to the end of July) were 17.0°C and 174.0 mm in the 2002 harvest season, and 15.1°C and 72.0 mm in the 2003 harvest season, respective-ly. Grain from each plot was threshed for grinding, and the sample sifted through a 0.3 mm sieve for SDS-sedimentation volume analysis.
Small-scale quality tests and calculation of heritability
Nitrogen content of the wheat grain samples was determined using the Dumas combustion method (model Rapid-N, Elementar, Germany), and converted to the percentage of protein by multiplying by 5.7 (AACC 2000) . The SDSsedimentation volume analysis was performed according to the modified micro SDS-sedimentation method of Takata et al. (1999) , using a 0.7 g wheat grain sample. Determination of kernel weight, kernel diameter (thickness or outer diameter) and grain hardness by the SKCS method (4100 SKCS, Perten Instruments, USA), required samples of 50 or 300 kernels for both the F 3 and F 4 populations, respectively. Puroindoline genotypes of the parent varieties were determined by the method of Lillemo and Morris (2000) .
Quality differences between the F 3 and F 4 populations were compared by a paired t-test, where the value of each trait was standardized according to each generation's standard deviation to calculate the realized heritability. Realized heritability was estimated by the selection differential and genetic gain between the F 3 and F 4 generations that were screened (10%) in the F 3 population both for higher rank (upward screening) or lower rank (downward screening) of each quality index.
Results
Characteristics of parent varieties
The results of puroindoline allele determination, SKCS hardness, SDS-sedimentation volume, grain protein content, kernel weight and kernel diameter of the parent varieties are presented in Table 1 . For the lines bearing the Pina allele, all the parent varieties carried the Pina-D1a allele, whereas for the lines bearing the Pinb allele, hard wheat parent varieties (KS 831957, Satsukei 226 and Tohoku 195) bore the Pinb-D1b allele, while the soft wheat parent varieties (Hokushin and Kitami 72) bore the Pinb-D1a allele.
The SKCS hardness of the parent varieties showed significant differences (P ≤ 0.05). The ranking of the SKCS hardness of the parent varieties was consistent (relative to one another) from year to year, but varied in magnitude, the SKCS hardness being consistently higher in 2003 (Table 1) . Variety 'KS 831957' showed a lower SKCS hardness and greater SDS-sedimentation volume than the other hard parent varieties. Mean SDS-sedimentation volume did not differ significantly (P > 0.05) for either 'Satsukei 226' vs. 'Tohoku 195', or 'Hokushin' vs. 'Kitami 72' comparisons. With values nearly 1% higher than those of 'Satsukei 226', the grain protein content of both 'Tohoku 195' and 'KS 831957', exceeded 13%, and was significantly higher than the values of all the other parent varieties. There was no significant difference in the grain protein content between 'Hokushin' and 'Kitami 72'.
Among the parent varieties, the value of the kernel weight of 'Tohoku 195' was significantly higher than that of other varieties. The second highest value for the kernel weight was that of 'Satsukei 226', while 'Hokushin' and 'Kitami 72' showed lower values for the kernel weight. Significantly larger kernel diameters were measured for 'Tohoku 195' and 'Satsukei 226' than 'Hokushin' and 'Kitami 72', followed by 'KS 831957'. Values for the kernel weight of 'Hokushin' and 'Kitami 72' were significantly lower than those of the other parent varieties.
Characteristics of F 3 and F 4 populations
Comparison of means and standard deviations of SKCS hardness, SDS-sedimentation volume, grain protein content, kernel weight and kernel diameter between the F 3 and F 4 populations is presented in Table 2 . Mean value of SKCS hardness in the Tohoku population was higher than that of the Hokushin population. While the maximum value of SKCS hardness of the two populations was similar, the minimum value of the Hokushin population was lower than that of the Tohoku population. The range of the SDS-sedimentation volumes was higher for the Tohoku than for the Hokushin population. For both populations, the mean protein content was lower in the F 4 than in the F 3 populations, while for the kernel weight and kernel diameter the opposite was observed. Paired t-test comparison of the F 3 and F 4 populations showed significant differences for all the quality parameters, except for the SDS-sedimentation volume of the Hokushin population ( Table 2) . Figure 1 illustrates the distribution of the SKCS hardness in the two populations. Expected segregation ratios of Pinb-D1a : Pinb-D1b in the Hokushin (Pinb-D1a/D1b//D1a/ D1b) and Tohoku (Pinb-D1b/D1b//D1a/D1b) populations were 1 : 1 ( Fig. 1 -A) and 1 : 3 ( Fig. 1-B) , respectively. For both populations, the extreme values in hardness in the F 3 population decreased to a lower range and displayed a more central tendency in the F 4 population.
Distribution of SKCS hardness
Realized heritability of grain quality parameters
Selection differential (S), genetic gain (∆G), realized heritability (h 2 ) and correlation matrices of the grain quality parameters for the F 3 and F 4 populations are presented in Table 3 . Scatter plots of F 3 vs. F 4 SKCS hardness, SDSsedimentation volume, protein content, kernel weight and kernel diameter are presented in Figure2. The relationships between the heritability by upward vs. downward screening for SKCS hardness, SDS-sedimentation and grain protein content are presented in Figure 3 .
The Hokushin population showed a higher realized heritability for the SKCS hardness, SDS-sedimentation volume and grain protein content than the Tohoku population. The SKCS hardness showed a slightly higher heritability in downward screening than in upward screening for both populations (Table 3) . On the other hand, the SDS-sedimentation volume showed a considerably higher heritability in downward than in upward screening for both populations. Grain protein content showed the lowest heritability among all the qualities, with a higher heritability for upward than for downward screening. The differences in the heritability of kernel weight and kernel diameter between the two populations were not distinct ( Table 3) . Comparison of the two populations showed that the heritability of the SKCS hardness and grain protein content was higher when the opposite puroindoline alleles (Pinb-D1a and Pinb-D1b) were crossed (Fig. 3) . On the other hand, the heritability of the SDSsedimentation volume was not affected by the puroindoline alleles ( Fig. 3) . For the kernel weight, the Hokushin population showed a higher realized heritability in upward than in downward screening, whereas the opposite was observed for the Tohoku population. Heritability of the kernel diameter was slightly lower than that of the kernel weight.
Correlation matrices for grain quality parameters
Correlation matrices for SKCS hardness, SDSsedimentation volume, protein content, kernel weight and kernel diameter are presented in Table 4 . In both populations, the SDS-sedimentation volume was significantly correlated with the SKCS hardness and with the protein content. For the Tohoku population, the SKCS hardness was significantly correlated with the kernel diameter and kernel weight. The highest correlation coefficient was observed between the kernel weight and kernel diameter. No significant relationship was revealed between the SKCS hardness and protein content for either populations. 
Discussion
Heritability of the protein content was found to range from 0.24 to 0.44, and that of the SDS-sedimentation volume from 0.44 to 0.60 Ronalds 1987, Fischer et al. 1989) . Kraljević-Balalić et al. (1982) highlighted the importance of using an allele with additive gene effects to increase the protein content. However, environmental conditions during the growing season can affect the grain protein content (Baker et al. 1971 , Fischer et al. 1989 , and decrease the measured heritability.
The significant correlation between the SDSsedimentation volume and protein content (Table 4 ) reflects the fact that the SDS-sedimentation volume is affected by the protein content, which itself reflects the gluten content. Since the SDS-sedimentation volume shows a wider range of values than the protein content (Table 1) , it is a better criterion for discriminating lines in bread-quality wheat screening. Indeed, the use of the SDS-sedimentation volume with prolonged swelling time as a selection criterion was found to confer a higher heritability (Takata et al. 1999 , Fujita et al. 2001 . The fact that the SDS-sedimentation volume showed a considerably higher heritability in downward than in upward screening (Table 3 and Fig. 3) , may be due to the distorted distribution of the SDS-sedimentation volume in the lower range (Fig. 2) . This suggests that the higher solubility and lower swelling power of gluten are dominant traits, and that the control of recessive genes might be involved in the expression of a higher SDS-sedimentation volume. However, further investigations should be carried out to elucidate the reason for the higher heritability in the downward direction.
Grain hardness is dominated by the two Puroindoline genes Morris 1997, 1998) . Although Martin et al. (2001) observed a transgressive segregation for the SKCS hardness in both directions in a hard by hard wheat cross (Pina-D1b × Pinb-D1b), in our study with hard by soft wheat crosses, this finding was not evident (Fig. 2) . The SKCS hardness definitely showed a higher heritability in the population resulting from a cross of opposite Pinb alleles (Table 3 and Fig. 3 ). The control of grain hardness by the dominant Pinb gene in both populations was postulated as a possible reason for the higher heritability in the crosses involving opposite Pinb alleles (Table 3 and Fig. 1 ). However, this issue requires further studies. On the other hand, the SKCS hardness failed to show a significant correlation with the grain protein content (Table 4) . Inverse relationships between the grain protein content and yield have been reported Ronalds 1984, Fischer et al. 1989) . In terms of kernel quality, inverse relationships have been reported between the kernel size and protein content (O'Brien and Ronalds 1984) , and between the kernel size and loaf volume (Ohm et al. 1998 ). In the current study, the mean protein content was lower in the F 4 than in the F 3 population, while the opposite held true for the mean kernel weight and diameter (Table 2 ). These differences are considered to be due to the lower mean temperature during the grain filling stage in 2003. Although the kernel size showed a moderate to higher heritability for both populations (Table 3) , screening based on the larger kernel size would not be useful due to its inverse correlation with the protein content, which would in turn influence the loaf volume. Combination of larger kernel size and breadquality is a target in the improvement of the grade and milling quality of bread-quality wheat.
Although the Japanese domestic wheat varieties have the advantages of being tolerant to pre-harvest sprouting and resistant to Fusarium head blight (FHB) compared with foreign wheats (Hoshino et al. 1989, Ban and Suenaga 2000) , most Japanese wheat varieties have a soft kernel (Ikeda 1961) . For the breeding of Japanese bread-quality wheat, it will be necessary to combine domestic wheat resistance traits with the bread-quality traits of foreign hard wheats. The higher heritability of the SKCS hardness and the grain protein content in the cross of opposite puroindoline alleles will be helpful in such a breeding programme.
Due to the higher heritability of the SDS-sedimentation volume in downward screening, irrespective of the puroindoline alleles, screening by using this parameter as a criterion will be effective in eliminating lines with low bread-making quality both for hard by hard or hard by soft wheat crosses. Efficient improvement of bread-quality wheat breeding could be achieved by concurrent screening by adopting criteria based on SDS-sedimentation and SKCS hardness.
